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Metastable exohedrally decorated 
Borospherene B40
Santanu Saha1, Luigi Genovese2 & Stefan Goedecker1
The experimental discovery of borospherene, the only non-carbon fullerene observed in nature, has 
generated a lot of interest in the scientific community and led to the theoretical prediction of various 
endohedrally and exohedrally decorated borospherene. We apply Minima Hopping Method (MHM), 
a global geometry optimization algorithm at the density functional level to check the stability of 
recently proposed exohedrally decorated borospherenes M6@B40 for (M = Li, Na, K, Rb, Be, Mg, 
Ca, Sr, Sc and Ti). By performing short MHM runs, we find that the proposed fullerene structures are 
not global minima. Our new lowest energy structures are significantly deformed and of much lower 
symmetry. These low energy structures spontaneously aggregate by forming chemical bonds when 
they are brought together. Therefore, it would be challenging to synthesize bulk materials made out 
of the theoretically postulated exohedrally decorated borospherenes such as B40M6 which might have 
technologically useful properties.
Considerable theoretical efforts are under way in nanosciences to find fullerene structures made out of 
non-carbon materials and numerous theoretical non-carbon structures can be found in the literature1–5. However, 
up to date nearly all experimentally discovered structures6–15 are either pure carbon systems or are based on car-
bon fullerene skeletons, which are decorated by other elements or where some carbon atoms are replaced by other 
elements. Several theoretically proposed structures were later shown to be metastable and to be much higher in 
energy than the ground state. As a consequence it is very unlikely that such structures could ever be synthesized. 
This was for instance the case for endohedrally doped Si20 fullerene16 and the B80 fullerene17–19. A boron-carbon 
heterofullerene with boron patches was found to be the ground state instead of a configuration where the boron 
atoms are homogeneously distributed4.
Boron (Bn) cages of different sizes have been proposed theoretically (n = 28 and 38)20–22. After two decades of 
search a cage structure for ( −B40
1) was finally observed experimentally by Zhai et al.23 together with a quasi planar 
structure. Calculations gave a lower energy to the quasi planar structure. However, according to the same kind of 
theoretical calculations, the ground state of neutral B40 has a cage like structure. It has a fullerene structure with 
D2d symmetry consisting of two planar hexagonal and four non-planar heptagonal rings. This ground state struc-
ture is 0.5 eV lower in energy than the second minimum23. The quasi planar structure is fifth lowest in energy with 
an energy difference of 1 eV. The discovery of borospherene has generated a lot of interest in the scientific com-
munity. An important difference to C60 has however to be noted. Carbon fullerenes attract each other only by 
weak van der Waals forces, but do not form covalent bonds among each other. As already noted by Zhai et al.23, 
B40 is expected to be highly reactive17, 24, and should therefore form covalent bonds with adjacent borospherenes, 
destroying its original fullerene shape. The results discussed in ref. 25 and presented in this article confirm this 
expectation. Soon after the discovery of B40, −B39 an axially chiral borospherene was discovered by Chen et al.26.
Since the discovery of borospherene, a large number of decorated borospherene structures have been pro-
posed theoretically primarily for applications in hydrogen storage. The decoration of B40 can be classified by the 
type of adsorbate atoms (adatoms), which can be an alkaline metal, earth alkaline metal or transition metal. Bai 
et al.27 performed minima hopping based structure predictions for endohedral M@B40 (M = Ca, Sr) and exohe-
dral M@B40 (M = Be, Mg). Fa et al.28 found endohedral M@B40 (M = Na, Ba) to be stable. Jin. et al.29 investigated 
endohedral M@B40 (M = Sc, Y, La) and observed that they have strong binding energies and may thus exist in 
nature. Hydrogen adsorption studies on Li decorated B40 by Bai et al.30 predict that H2 storage can be increased 
from 7.1 wt% in Li6B40 to 13.8 wt% in Li14B40. The theoretical studies of Liu et al.31 showed that exohedrally deco-
rated B40 with six alkaline metal atoms (AM = Li, Na, K) is stable and could achieve a hydrogen storage capacity of 
8 wt%. Tang et al.32 predicted Sc decorated B40 to be stable through short molecular dynamics simulation. Based 
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on a study of single metal atom adsorption energies, Dong et al.33 proposed a B40 fullerene decorated with six Ti 
atoms as a promising candidate for hydrogen storage. In all the above mentioned theoretical B40 M6 structures, the 
six adatoms are centered in the two hexagons and four heptagons of the bare B40 fullerene.
However, in none of these later studies systematic structure predictions were performed. By performing struc-
ture predictions, we will show in this contribution, that the B40 fullerene decorated with six alkaline metal, earth 
alkaline metal or transition metal atoms is only a metastable structure and that there are other disordered struc-
tures which are considerably lower in energy. These low energy structures are in addition highly reactive and 
form bonds when brought into contact with each other. Hence it would be extremely difficult to synthesize bulk 
materials made of metal decorated B40 fullerene building blocks.
Results and Discussions
In this work we study the potential energy surface of borospherene M6@B40 decorated with six metal atoms. 
We consider alkaline metals (Li, Na, K and Rb), earth alkaline metals (Be, Mg, Ca and Sr) and transition metals 
(TM = Sc and Ti) in our study.
Before discussing the six-atom decorations of the B40 cage, let us briefly address the single adatom case. A 
single adatom can sit in the center of the cage, centers of the hexagons and heptagons or on the B-B bridge of the 
hexagonal/heptagonal rings as shown in Fig. 1. The binding energy (B.E.) of a single adatom on B40 for different 
metal atoms and for different positions are obtained using the following formula:
= − − −E E E E[ ] (1)bind M B M B@ 40 40
where EM represents the energy of an isolated metal adatom, EB40 the energy of an isolated B40 cage and EM@B40 
the energy of the decorated cage. The B.E. trends for different adatoms at different positions are shown in Table 1. 
During a geometry relaxation Be moves outside the cage. Li, Mg, Sc and Ti take on an off center position inside 
Figure 1. The adsorbate atom, represented by grey ball, can be placed on five different positions in the 
borospherene (B40) represented by brown balls. The five different sites are (a) on the B-B bond of the hexagonal 
ring, (b) on the B-B bond of the heptagonal ring, (c) center of the cage, (d) hexagonal hole and (e) heptagonal 
hole.
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the cage and come close to either hexagon or heptagon holes whereas Na, K, Rb, Ca and Sr are stable at the center 
of the cage (see Supplementary Information). The alkaline metals and earth metals are unstable at the B-B bridge 
of the hexagon/heptagon. Upon relaxation the adatom positioned on the B-B bridge moves to the hexagon/hep-
tagon holes. A Ti atom is stable on both the hexagonal and heptagonal B-B bridge whereas Sc is stable only on 
heptagonal B-B bridge. Among the earth alkaline metals, the hexagonal hole is energetically more favorable for 
Be and Mg whereas for Ca and Sr, the most stable site is the center of the borospherene. All the alkaline metals 
are most stable at the heptagonal hole except Na which is most stable at the center. This anomalous behavior of 
Na can be associated to two main factors: complete transfer of charge from the decorated atom to the cage and 
contraction of the cage due to intake of charge. The contraction leads to reduction of empty space inside the cage. 
The resultant empty space is too large for Li and too small for K and Rb. But, it is just perfect for Na. Hence, Na 
is most stable at the center of the cage. The transition metals (Sc and Ti) are most stable at the off-center position 
inside the borospherene cage.
From the B.E. trends, it is clear that the favorable sites for binding are the center of the cage and the hexagonal/
heptagonal holes of the cage. Most of the adatoms are unstable at the B-B bridges. In this work we are interested 
in exohedral decoration of B40 cages. The maximum number of suitable sites is six (2 hexagonal hole and 4 hep-
tagonal holes). As in most cases, it is difficult to predict other possible structures by chemical intuition. Hence, in 
order to check the stability of M6@B40 cages and find new possible structures we use a systematic and unbiased 
structure prediction method, namely the Minima Hopping Method (MHM)34–38 as implemented in the BigDFT39 
package. The PBE functional40 is used in all these runs.
As an input guess for the MHM runs, we placed the adatoms in the hexagonal and heptagonal centers of the 
perfect borospherene as these prototype structures were found to be stable in recent publications30, 31, 33. All the 
MHM runs gave very soon deformed cages that were lower in energy than the initial fullerene structure. The 
deformed structures often lost their characteristic hexagon-heptagon patterns and are shown in Fig. 2. These 
deformed structures have rings containing between 6 and 10 boron atoms. The initial guess structure of adatoms 
on hexagonal and heptagonal rings of borospherene were found to be local minima except for Be. For earth alka-
line metals, i.e. Mg, Ca, Sr the lowest energy structures had randomly arranged rings with 7–10 atoms. In case of 
alkaline metals, the lowest energy structures of Li, Na, K and Rb decorating B40 had rings with 6–8 borons. The 
Sc and Ti decorated lowest energy structures had rings with 5–9 borons. The charge transfer of the decorating 
elements to the cage and the lowest energy structure obtained through Bader charge analysis are listed in Table 2. 
The trends in charge transfer are identical in both the cage structure and the lowest energy structure for each 
corresponding adatom. This indicates that in both cases, the adatoms have a similar kind of bonding with the B 
atoms.
In ref. 41 it was shown that the PBE functional gives a reasonable description of boron clusters, which however 
cannot always predict the correct energetic ordering between different structures. For this reason the stability of 
the deformed cages was further assessed by recalculating the energy differences between the lowest energy struc-
ture found and the perfectly decorated cage structure with the PBE042 and B3LYP43–46 functionals using the all 
electron FHIaims47 code. We also compared on the PBE level the pseudopotential results obtained from BigDFT 
with the all electron results obtained with FHIaims and found that they are in close agreement. The energy differ-
ence between the lowest energy structure and perfect fullerene structure agree within 200 meV. The data of Fig. 3 
show that also the two other functionals predict our structures found on the PBE level to be lower in energy than 
the perfect cage. This indicates that even in gas-phase, it is unlikely to get an intact fullerene structure.
It is also interesting to notice that clustering of the metal atoms was never observed during our short MHM 
runs. This may be explained by the relatively strong binding of the metal atoms to the boron skeleton. This is in 
contrast to the case of C60 where lower binding energies lead to clustering.
To study the reactivity of the deformed metal decorated B40 cages we brought two units in close contact and 
performed a geometry optimization to obtain the dimerization energy which is defined as
CENTER 
(eV)
HEX 
(eV)
HEPT 
(eV)
HEX 
B-B (eV)
HEPT 
B-B (eV)
Be@B40 — 3.168 3.141 — —
Mg@B40 0.069 1.093 1.050 — —
Ca@B40 3.776 2.520 2.655 — —
Sr@B40 13.167 11.666 11.746 — —
Li@B40 1.796 2.112 2.254 — —
Na@B40 1.683 1.546 1.582 — —
K@B40 1.675 1.714 1.764 — —
Rb@B40 1.017 1.670 1.714 — —
Sc@B40 5.171 3.906 4.543 — 2.091
Ti@B40 9.466 9.089 9.257 6.815 6.775
Table 1. The binding energy (in eV) of the single adatom to different sites of the B40 for the PBE exchange 
correlation fuctional. These calculations have been carried out using BigDFT for free boundary conditions. 
The headings CENTER, HEX and HEPT represents the center, hexagonal hole and heptagonal hole of the 
borospherene respectively. HEX B-B and HEPT B-B represent the B-B bond belonging to the hexagon and 
heptagon ring respectively.
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= − −E E E[ 2 ] (2)DE dimer mono
where Emono and Edimer are the total energies of the monomer and dimer respectively. Here the monomers are the 
lowest energy structures. The dimerization energies (D.E.) for different cases are shown in the Fig. 4. For pure 
B40, the geometry is relaxed by placing the two cages along the hexagonal and heptagonal rings. Our calculation 
for B40 dimers shows that they form strong covalent bonds along the heptagonal rings releasing 0.656 eV. Studies 
done on cluster stability of B40 by Yang et al.25 clearly show that they have small energy barriers of dimerization 
(~0.06 eV). However, dimerization through hexagonal rings is energetically not favorable. Despite these small 
barriers, the cages have been observed experimentally, most probably due to the presence of noble gases and the 
low concentration of the boron cages under experimental condition. For the decorated M6B40, the D.E. is larger 
than for the pure B40. Our investigations of the dimerization of B40Ti6 and B40Ca6 show that no barrier has to be 
overcome in this process. So, the dimerization will occur spontaneously.
Figure 2. The first and third columns show the perfectly decorated cage structures of borospherene with 
different adsorbates: alkaline, earth alkaline and transition metals. The second and fourth columns represent 
the lowest energy structure found in minima hopping runs. Brown balls represent boron atoms and the other 
colours various metal atoms. The energy difference (in eV) between the lowest energy structure and the initial 
decorated borospherene is also shown for PBE exchange correlation functional.
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To summarize, our investigations of the potential energy surface of the exohedrally decorated B40 cages reveal 
that the highly symmetric configurations obtained by positioning metal adatoms on high symmetry sites of the 
perfect borospherene cage are metastable. In global geometry optimization runs, they distort to form structures 
with rings of various sizes, loosing thereby symmetry. Earth alkaline and transition metals decorated B40 have a 
large energy difference between the lowest energy structure and the cage structure.
The D.E. indicate that they form strong bonds and are chemically reactive with small or no energy barriers. All 
these results suggest that theoretically postulated decorated structures such as B40M6 are not realizable as building 
blocks for applications such as hydrogen storage. More generally these findings show that structures obtained by 
chemical intuition are frequently not ground states and that performing unbiased global geometry optimization 
is essential to make reliable structure predictions.
Methods
The scanning of potential energy surface (PES) of these decorated B40 cages was carried out using the Minima 
Hopping method (MHM)34–38 as implemented in BigDFT39 package at the density functional level of theory. The 
MHM is an algorithm to explore the PES of a polyatomic system in an unbiased efficient manner. The MHM con-
sists of two parts. In the inner part short molecular dynamics trajectories are performed to cross barriers between 
minima followed by local geometry optimizations. In the outer part the new minimum is accepted or rejected 
based on energy and fingerprint difference criteria48.
BigDFT is massively parallel electronic structure code which uses Daubechis wavelets as basis set and gives 
extremely short times to solution on parallel computers. The atoms were described using soft norm conserving 
HGH pseudopotentials49, 50, with a non-linear core correction. The exchange-correlation interaction of the elec-
trons was described through a generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE)40 
functional. The calculations were carried out with free boundary conditions. The convergence parameters were 
set such that the total energy converged within 10−5 eV and the structure was relaxed until the maximum force 
component of any atom was less than 1.0 meV/Å. For the calculation of total energies with hybrid functionals 
PBE042 and B3LYP43–46, the FHIaims47, 51–54 all electron code was also used which uses numerical atomic orbitals 
CAGE LOW
Be@B40 2.00 2.00
Mg@B40 1.68 to 2.00 2.00
Ca@B40 1.20 to 1.30 1.36 to 1.40
Sr@B40 1.19 to 1.30 1.36 to 1.42
Li@B40 1.00 1.00
Na@B40 1.00 1.00
K@B40 0.75 to 0.78 0.77 to 0.83
Rb@B40 0.73 to 0.77 0.76 to 0.83
Sc@B40 1.26 to 1.44 1.56 to 1.64
Ti@B40 1.21 to 1.36 1.44 to 1.52
Table 2. The charge transfer of the decorating atoms in the borospherene cage structure and the lowest energy 
structure.
Figure 3. The energy difference (in eV) of the perfect cage with respect to the lowest energy structure of M6@
B40 for different adatoms calculated with different exchange correlation functionals and two different codes, 
namely FHI-aims and BigDFT. Unless specified the calculations were done with the FHIaims code.
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as basis set. The tier2 basis set was used. The scf convergence criteria set was 10−6 eV for total energy, 10−6 eV for 
eigenvalues and 10−6 for charge density. Free boundary conditions were used in the FHIaims calculations. The 
charge transfer of the decorated borospherene was obtained through a Bader charge analysis55.
For calculating the dimerization energy the structures were initially placed at a fairly large distance, where 
attractive interactions just start to appear, and then geometry relaxed. The distance between the two cages is 
defined as the distance between the centers of mass of the two cages. These calculations have been carried out 
using BigDFT with the PBE functional. The Libxc56 library was used for the calculation of the functionals.
References
 1. Tozzini, V., Buda, F. & Fasolino, A. Spontaneous formation and stability of small GaP fullerenes. Phys. Rev. Lett. 85, 4554 (2000).
 2. Wu, H.-S., Cui, X.-Y., Qin, X.-F., Strout, D. L. & Jiao, H. Boron nitride cages fromB12 N12 to B36 -N36 : square–hexagon alternants vs 
boron nitride tubes. J. Mol. Model. 12, 537–542 (2006).
 3. Bromley, S. Thermodynamic stability of discrete fully coordinated SiO2 spherical and elongated nanocages. Nano Lett. 4, 1427–1432 
(2004).
 4. Mohr, S. et al. Boron aggregation in the ground states of boron-carbon fullerenes. Phys. Rev. B 89, 041404 (2014).
 5. Ayala, P., Arenal, R., Rümmeli, M., Rubio, A. & Pichler, T. The doping of carbon nanotubes with nitrogen and their potential 
applications. Carbon 48, 575–586 (2010).
 6. Chai, Y. et al. Fullerenes with metals inside. J. Phys. Chem. 95, 7564–7568 (1991).
 7. Muhr, H.-J., Nesper, R., Schnyder, B. & Kötz, R. The boron heterofullerenes C59B and C69B: generation, extraction, mass 
spectrometric and XPS characterization. Chem. Phys. Lett. 249, 399–405 (1996).
 8. Averdung, J., Luftmann, H., Schlachter, I. & Mattay, J. Aza-dihydro[60]fullerene in the gas phase. A mass-spectrometric and 
quantumchemical study. Tetrahedron 51, 6977–6982 (1995).
 9. Lamparth, I. et al. C59N+ and C69 N+: Isoelectronic heteroanalogues of C60 and C70. Ang. Chem. Int., Ed. in Eng. 34, 2257–2259 
(1995).
Figure 4. The relaxed structures of dimers made from the lowest energy structures of different M6B40’s and 
B40’s together with their dimerization energy (in eV). All the calculation have been done using BigDFT and the 
PBE exchange correlation functional. B40-hex represents dimer formed along the hexagonal rings and B40-hept 
represents dimer formed along heptagonal rings.
www.nature.com/scientificreports/
7Scientific REPORTS | 7: 7618  | DOI:10.1038/s41598-017-06877-7
 10. Christian, J. F., Wan, Z. & Anderson, S. L. O+ + C60 C60 O+ production and decomposition, charge transfer, and formation of C59O+. 
Dopeyball or CO@C58+. Chem. Phys. Lett. 199, 373–378 (1992).
 11. Ohtsuki, T. et al. Formation of As and Ge doped heterofullerenes. Phys. Rev. B 60, 1531 (1999).
 12. Pellarin, M. et al. Photolysis experiments on SiC mixed clusters: From silicon carbide clusters to silicon-doped fullerenes. J. Chem. 
Phys. 110, 6927–6938 (1999).
 13. Xin, N., Huang, H., Zhang, J., Dai, Z. & Gan, L. Fullerene doping: preparation of azafullerene C59NH and oxafulleroids C59O3 and 
C60O4. Ang. Chem. Int. Ed. 51, 6163–6166 (2012).
 14. Zimmermann, U., Malinowski, N., Burkhardt, A. & Martin, T. Metal-coated fullerenes. Carbon 33, 995–1006 (1995).
 15. Tenne, R. & Redlich, M. Recent progress in the research of inorganic fullerene-like nanoparticles and inorganic nanotubes. Chem. 
Soc. Rev. 39, 1423–1434 (2010).
 16. Willand, A. et al. Structural metastability of endohedral silicon fullerenes. Phys. Rev. B 81, 201405 (2010).
 17. Szwacki, N. G., Sadrzadeh, A. & Yakobson, B. I. B80 fullerene: an ab initio prediction of geometry, stability, and electronic structure. 
Phys. Rev. Lett. 98, 166804 (2007).
 18. De, S. et al. Energy landscape of fullerene materials: a comparison of boron to boron nitride and carbon. Phys. Rev. Lett. 106, 225502 
(2011).
 19. Zhao, J., Wang, L., Li, F. & Chen, Z. B80 and other medium-sized boron clusters: Core-shell structures, not hollow cages. J. Phys. 
Chem. A 114, 9969–9972 (2010).
 20. Wang, Y.-J. et al. Observation and characterization of the smallest borospherene, B28− and B28. J. Chem. Phys. 144, 064307 (2016).
 21. Zhao, J. et al. B28: the smallest all-boron cage from an ab initio global search. Nanoscale 7, 15086–15090 (2015).
 22. Lv, J., Wang, Y., Zhu, L. & Ma, Y. B28: An all-boron fullerene analogue. Nanoscale 6, 11692–11696 (2014).
 23. Zhai, H.-J. et al. Observation of an all-boron fullerene. Nature Chemistry 6, 727–731 (2014).
 24. Boulanger, P., Morinière, M., Genovese, L. & Pochet, P. Selecting boron fullerenes by cage-doping mechanisms. J. Chem. Phys. 138, 
184302 (2013).
 25. Yang, Y., Zhang, Z., Penev, E. S. & Yakobson, B. I. B40 cluster stability, reactivity, and its planar structural precursor. Nanoscale 9, 
1805–1810 (2017).
 26. Chen, Q. et al. Experimental and theoretical evidence of an axially chiral borospherene. ACS nano 9, 754–760 (2014).
 27. Bai, H., Chen, Q., Zhai, H.-J. & Li, S.-D. Endohedral and exohedral metalloborospherenes: M@B40 (M=Ca, Sr) and M&B40 (M=Be, 
Mg). Angew. Chem., Int. Ed. 54, 941–945 (2015).
 28. Fa, W., Chen, S., Pande, S. & Zeng, X. C. Stability of Metal-Encapsulating Boron Fullerene B40. J. Phys. Chem. A 119, 11208–11214 
(2015).
 29. Jin, P., Hou, Q., Tang, C. & Chen, Z. Computational investigation on the endohedral borofullerenes M@B40 (M=Sc, Y, La). Theor. 
Chem. Acc. 134, 1–10 (2015).
 30. Bai, H. et al. Lithium-decorated borospherene B40: A promising hydrogen storage medium. Sci. Rep. 6, 35518 (2016).
 31. Liu, C. S., Ye, X. J., Wang, X. F. & Yan, X. Metalized B40 fullerene as a novel material for storage and optical detection of hydrogen: A 
first-principles study. RSC Advances 6, 56907–56912 (2016).
 32. Tang, C. & Zhang, X. The hydrogen storage capacity of Sc atoms decorated porous boron fullerene B40: A DFT study. Int. J. Hydrogen 
Energ. 41, 16992–16999 (2016).
 33. Dong, H., Hou, T., Lee, S.-T. & Li, Y. New Ti-decorated B40 fullerene as a promising hydrogen storage material. Sci. Rep. 5, 9952 
(2015).
 34. Goedecker, S. Minima hopping: An efficient search method for the global minimum of the potential energy surface of complex 
molecular systems. J. Chem. Phys. 120, 9911–9917 (2004).
 35. Goedecker, S., Hellmann, W. & Lenosky, T. Global minimum determination of the Born-Oppenheimer surface within density 
functional theory. Phys. Rev. Lett. 95, 055501 (2005).
 36. Roy, S., Goedecker, S. & Hellmann, V. Bell-Evans-Polanyi principle for molecular dynamics trajectories and its implications for 
global optimization. Phys. Rev. E 77, 056707 (2008).
 37. Schönborn, S. E., Goedecker, S., Roy, S. & Oganov, A. R. The performance of minima hopping and evolutionary algorithms for 
cluster structure prediction. J. Chem. Phys. 130, 144108 (2009).
 38. Schaefer, B., Ghasemi, S. A., Roy, S. & Goedecker, S. Stabilized quasi-newton optimization of noisy potential energy surfaces. J. 
Chem. Phys. 142, 034112 (2015).
 39. Genovese, L. et al. Daubechies wavelets as a basis set for density functional pseudopotential calculations. J. Chem. Phys. 129, 014109 
(2008).
 40. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).
 41. Hsing, C., Wei, C., Drummond, N. & Needs, R. Quantum Monte Carlo studies of covalent and metallic clusters: Accuracy of density 
functional approximations. Phys. Rev. B 79, 245401 (2009).
 42. Adamo, C. & Barone, V. Toward reliable density functional methods without adjustable parameters: The PBE0 model. J. Chem. Phys. 
110, 6158–6170 (1999).
 43. Becke, A. D. Density-functional thermochemistry. III. the role of exact exchange. J. Chem. Phys. 98, 5648–5652 (1993).
 44. Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density. 
Phys. Rev. B 37, 785 (1988).
 45. Vosko, S. H., Wilk, L. & Nusair, M. Accurate spin-dependent electron liquid correlation energies for local spin density calculations: 
a critical analysis. Can. J. Phys. 58, 1200–1211 (1980).
 46. Stephens, P., Devlin, F., Chabalowski, C. & Frisch, M. J. Ab initio calculation of vibrational absorption and circular dichroism spectra 
using density functional force fields. J. Phys. Chem. 98, 11623–11627 (1994).
 47. Blum, V. et al. Ab initio molecular simulations with numeric atom-centered orbitals. Comp. Phys. Comm. 180, 2175–2196 (2009).
 48. Sadeghi, A. et al. Metrics for measuring distances in configuration spaces. J. Chem. Phys. 139, 184118 (2013).
 49. Krack, M. Pseudopotentials for H to Kr optimized for gradient-corrected exchange-correlation functionals. Theor. Chem. Acc. 114, 
145–152 (2005).
 50. Willand, A. et al. Norm-conserving pseudopotentials with chemical accuracy compared to all-electron calculations. J. Chem. Phys. 
138, 104109 (2013).
 51. Ren, X. et al. Resolution-of-identity approach to Hartree–Fock, hybrid density functionals, RPA, MP2 and GW with numeric atom-
centered orbital basis functions. New J. Phys. 14, 053020 (2012).
 52. Marek, A. et al. The ELPA library: scalable parallel eigenvalue solutions for electronic structure theory and computational science. J. 
Phys.: Cond. Matt. 26, 213201 (2014).
 53. Havu, V., Blum, V., Havu, P. & Scheffler, M. Efficient O(N) integration for all-electron electronic structure calculation using numeric 
basis functions. J. Comp. Phys. 228, 8367–8379 (2009).
 54. Ihrig, A. C. et al. Accurate localized resolution of identity approach for linear-scaling hybrid density functionals and for many-body 
perturbation theory. New J. Phys. 17, 093020 (2015).
 55. Tang, W., Sanville, E. & Henkelman, G. A grid-based Bader analysis algorithm without lattice bias. J. Phys.: Condens. Matter. 21, 
084204 (2009).
 56. Marques, M. A., Oliveira, M. J. & Burnus, T. Libxc: A library of exchange and correlation functionals for density functional theory. 
Comp. Phys. Comm. 183, 2272–2281 (2012).
www.nature.com/scientificreports/
8Scientific REPORTS | 7: 7618  | DOI:10.1038/s41598-017-06877-7
Acknowledgements
This work was performed in connection with the NCCR MARVEL. S.S acknowledges the support from the Swiss 
National Science Foundation. Calculations were performed at the CSCS under project s707 and at the sciCORE 
(http://scicore.unibas.ch/) scientific computing core facility at the University of Basel. S.S. is thankful to Deb 
Sankar De for fruitful discussion.
Author Contributions
S.S. performed all the electronic structure calculations and prepared the figures and tables. L.G. prepared the 
BigDFT code for MHM runs. S.S. and S.G. wrote the paper. All the authors reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06877-7
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
